The presence and functionality of DNA repair mechanisms in Campylobacter jejuni are largely unknown. In silico analysis of the complete translated genome of C. jejuni NCTC 11168 suggests the presence of genes involved in methyl-directed mismatch repair (MMR), nucleotide excision repair, base excision repair (BER), and recombinational repair. To assess the functionality of these putative repair mechanisms in C. jejuni, mutS, uvrB, ung, and recA knockout mutants were constructed and analyzed for their ability to repair spontaneous point mutations, UV irradiation-induced DNA damage, and nicked DNA. Inactivation of the different putative DNA repair genes did not alter the spontaneous mutation frequency. Disruption of the UvrB and RecA orthologues, but not the putative MutS or Ung proteins, resulted in a significant reduction in viability after exposure to UV irradiation. Assays performed with uracil-containing plasmid DNA showed that the putative uracil-DNA glycosylase (Ung) protein, important for initiation of the BER pathway, is also functional in C. jejuni. Inactivation of recA also resulted in a loss of natural transformation. Overall, the data indicate that C. jejuni has multiple functional DNA repair systems that may protect against DNA damage and limit the generation of genetic diversity. On the other hand, the apparent absence of a functional MMR pathway may enhance the frequency of on-and-off switching of phase variable genes typical for C. jejuni and may contribute to the genetic heterogeneity of the C. jejuni population.
The presence and functionality of DNA repair mechanisms in Campylobacter jejuni are largely unknown. In silico analysis of the complete translated genome of C. jejuni NCTC 11168 suggests the presence of genes involved in methyl-directed mismatch repair (MMR), nucleotide excision repair, base excision repair (BER), and recombinational repair. To assess the functionality of these putative repair mechanisms in C. jejuni, mutS, uvrB, ung, and recA knockout mutants were constructed and analyzed for their ability to repair spontaneous point mutations, UV irradiation-induced DNA damage, and nicked DNA. Inactivation of the different putative DNA repair genes did not alter the spontaneous mutation frequency. Disruption of the UvrB and RecA orthologues, but not the putative MutS or Ung proteins, resulted in a significant reduction in viability after exposure to UV irradiation. Assays performed with uracil-containing plasmid DNA showed that the putative uracil-DNA glycosylase (Ung) protein, important for initiation of the BER pathway, is also functional in C. jejuni. Inactivation of recA also resulted in a loss of natural transformation. Overall, the data indicate that C. jejuni has multiple functional DNA repair systems that may protect against DNA damage and limit the generation of genetic diversity. On the other hand, the apparent absence of a functional MMR pathway may enhance the frequency of on-and-off switching of phase variable genes typical for C. jejuni and may contribute to the genetic heterogeneity of the C. jejuni population.
The gram-negative, microaerophilic bacterium Campylobacter jejuni is one of the most frequent causes of human bacterial gastroenteritis worldwide (7) . Infections with C. jejuni are also associated with the development of a paralyzing neuropathy, the Guillain-Barré syndrome (64) . C. jejuni can be isolated from various sources, including the chicken intestine and surface water (38) . At the population level, C. jejuni is genetically highly diverse (11, 60, 62) , which may facilitate bacterial environmental adaptation. Genetic diversity in C. jejuni is generated via horizontal gene transfer (9, 10, 51) , intragenomic rearrangements (9) , and the presence of numerous stretches of nucleotide repeats that are prone to mispairing during DNA replication (26, 41, 42, 46) . In addition, the genomic DNA is probably subject to various types of damage caused by a range of endogenous and environmental factors which may cause single-or double-strand breaks, nucleotide modifications, abasic sites, bulky adducts, and mismatches (14) . Virtually all bacteria have evolved more or less sophisticated DNA repair mechanisms to limit the detrimental effects of DNA damage and to maintain the structure and genetic integrity of their DNA (16) . The importance of DNA repair for the survival and genetic diversity of C. jejuni, however, is still largely unknown.
Bacterial DNA repair mechanisms can be divided into three classes, namely, direct repair, excision repair, and recombinational repair (14) . Direct repair involves the reversal of the mutagenic event without the need for synthesis of a new phosphodiester bond. During excision repair, DNA abnormalities are removed and repaired using the intact strand as a template. Recombinational repair involves the reversal of DNA abnormalities via homologous recombination. In contrast to direct repair, DNA repair by excision and recombination does require synthesis of new phosphodiester bonds (56) . The focus of the current work is on the presence of the latter two repair mechanisms in C. jejuni.
Most knowledge of excision and recombinational DNA repair processes comes from studies of Escherichia coli. In E. coli, methyl-directed mismatch repair (MMR) is operating at the level of excision repair. MMR repairs replication errors that arise from misincorporations (mismatches) and strand slippage (frameshift errors). In addition, MMR inhibits recombination between homologous sequences (47) . During MMR, MutS recognizes and binds to replication errors and, together with MutL, activates MutH. This protein cleaves the unmethylated daughter strand at hemimethylated GATC sequences. Part of the daughter strand with the mutation is excised by singlestrand nucleases, and the gap is repaired (25, 37) . A second excision repair mechanism of E. coli is nucleotide excision repair (NER). NER detects and repairs conformational changes present in DNA. Major components of the NER pathway are the UvrABC proteins. The UvrA and UvrB proteins form the damage recognition complex. After binding to the DNA, UvrB forms a stable complex with the damaged DNA (UvrB-DNA) and UvrA dissociates. UvrC binds to the UvrB-DNA complex, and incisions are made, thereby excising the damaged DNA as a 12-or 13-nucleotide-long oligomer. The resulting gap is repaired using the undamaged strand as a template (55) . The third excision repair mechanism of E. coli is base excision repair (BER). This system detects and repairs modified bases. Different glycosylases, such as the uracil-DNA glycosylase Ung, are involved in the recognition of specific DNA alterations. These enzymes remove damaged bases from the DNA by cleavage of N-glycosylic bonds, leaving an apurinic or apyrimidinic site (AP site). An AP endonuclease (XthA) is necessary for cleavage of the phosphodiester bond, and the remaining deoxyribose phosphate moiety is removed by a deoxyribose phosphodiesterase (RecJ) after which the gap in the DNA is repaired (49) . The recombinational repair mechanism of E. coli is involved in the repair of stalled or collapsed replication forks caused by conformational changes resulting from unrepaired mutations (8) . When nicks or other lesions are present in the DNA, E. coli RecA binds to the damaged DNA and catalyzes recombinational repair via double-strand break repair or daughter strand gap repair (35) .
The subset and specificity of DNA repair mechanisms differ between species (1). The goal of this study was to decipher the presence and functionality of three excision repair mechanisms (MMR, NER, and BER) and RecA-dependent recombinational repair in C. jejuni. Using a set of genetically defined mutants, we present evidence that recombinational repair and the NER system, but not the MMR pathway, are functional in C. jejuni. In addition, proof was obtained that C. jejuni has a functional Ung protein involved in the BER pathway.
MATERIALS AND METHODS
In silico analysis of the C. jejuni genome. The published genome sequence of C. jejuni NCTC 11168 (22, 42) was searched for orthologues of proteins involved in excision repair (MMR, NER, and BER) and RecA-dependent recombinational DNA repair of E. coli using the Blastp algorithm (protein-protein BLAST; http://blast.ncbi.nlm.nih.gov/Blast.cgi). Genes were assumed not to be present in C. jejuni when the probability values of the first hit obtained were Ն1. The overall similarities were determined by performing pairwise alignments with EMBOSSAlign (http://www.ebi.ac.uk/Tools/emboss/align/) covering the full-length sequences.
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table 1 . C. jejuni was routinely grown on heart infusion sheep blood agar plates (HIS plates) or on blood agar base no. 2 medium (Oxoid) supplemented with 4% sheep blood lysed with 0.7% saponin (saponin plates). Bacteria were grown at 37°C for 48 h under microaerobic conditions (6% O 2 , 7% CO 2 , 7% H 2 , and 80% N 2 ) created with an Anoxomat system (Mart Microbiology B.V., Drachten, The Netherlands). E. coli was grown on Luria-Bertani (LB) agar or in LB broth at 37°C for 24 h under aerobic conditions. When appropriate, media were supplemented with ampicillin (100 g ml Ϫ1 ), chloramphenicol (12.5 g ml Ϫ1 ), kanamycin (30 g ml Ϫ1 ), nalidixic acid (100 g ml Ϫ1 ), or tetracycline (12 g ml Ϫ1 ). Electrotransformation of C. jejuni. Electrotransformation of C. jejuni was essentially performed as described previously (61) . In short, C. jejuni was harvested from 25 HIS plates after 16 h of growth, suspended in distilled water containing 15% glycerol and 272 mM sucrose (2 ml per plate; 4°C), and then centrifuged (3,500 ϫ g, 8 min, 4°C). The bacteria were rinsed three times with glycerol-sucrose (with 20 ml the first time, 10 ml the second time, and 1 ml the third time), and after each wash, the bacteria were collected by centrifugation. Finally, the bacteria were suspended in glycerol-sucrose at approximately 10 11 bacteria ml Ϫ1 (optical density at 600 nm of 80). Aliquots (50 l) were stored at Ϫ80°C, and for electrotransformation, 5 l of the solution containing isolated plasmid DNA was added to the electrocompetent bacteria. The mixture was transferred into a 0.2-cm Gene Pulser cuvette and pulsed (2.48 kV, 25 F, 600 ⍀) with a Gene Pulser (Bio-Rad Hercules, CA). After recovery on nonselective saponin plates (5 h, 37°C, microaerobic conditions), the bacteria were harvested and plated onto selective saponin plates.
Construction of C. jejuni knockout mutants. For gene inactivation, the (putative) mutS (Cj1052c), uvrB (Cj0680c), ung (Cj0086c), and recA (Cj1673c) orthologues of C. jejuni NCTC 11168 were amplified by PCR using the primers listed in Table 2 ; the four fragments obtained from the four genes (1,893 bp, 1,847 bp, 681 bp, and 972 bp, respectively) were cloned into pCR2.1-TOPO (mutS uvrB recA) or pCR2.1 (ung), resulting in pCRMutS, pUB, pCRRecA, and pUng, respectively. Next, mutS and recA from pCRMutS and pCRRecA were subcloned as EcoRI fragments into pBluescript, resulting in pBM and pBR, respectively (Table 3) . Inactivation of the genes was achieved by insertion of the chloramphenicol acetyltransferase gene (cat; chloramphenicol resistance [Cm r ]) from plasmid pUOA23 (Table 3) of Campylobacter coli. In this study, the constructs pBM, pUB, and pBR were then linearized using BclI, BsgI, and BglII, respectively. Overhanging ends were made blunt using Klenow fragment (BclI and BglII) or T4 DNA polymerase (BsgI). In order to insert cat into ung, the complete construct pUng was amplified using primers UngSacII and UngMfeI, thereby introducing restriction sites for SacII and MfeI in the ung coding sequence. The cat gene was amplified from pUOA23 with primers Cat-F and Cat-R or CatSacII and CatMfeI, yielding a fragment of 1.0 kb. Ligation of the linearized blunt-ended constructs (pBM, pUB, and pBr) with the cat fragment, amplified with Cat-F and Cat-R, resulted in the pBM::cat, pUB::cat, and pBR::cat plasmids, respectively. To disrupt ung with cat, the PCR products of pUng, amplified with primers UngSacII and UngMfeI, and cat, amplified with primers CatSacII and CatMfeI, were digested with SacII and MfeI upon which the cat fragment was ligated with pUng, yielding pUng::cat. Finally, the vectors pBM::cat, pUB::cat, pBR::cat, and pUng::cat, which do not replicate in C. jejuni, were introduced in the C. jejuni strains NCTC 11168-O, 2412, and 2535 by electrotransformation (Table 1) . Homologous allelic exchange was verified by PCR using chromosomal DNA as the template with primers complementary to sequences of the disrupted genes upstream and downstream of the cat insert.
Determination of nalidixic acid resistance. The frequency of nalidixic acid resistance (Nal r ) was determined by suspending C. jejuni, after 16 h of growth on HIS plates, in 1 ml of heart infusion broth (HI broth). The optical density (at 600 nm) was measured and adjusted to the lowest value measured for the parental and corresponding mutant strains. The number of CFU ml Ϫ1 of the bacterial suspension was determined by spotting 10-l amounts of serial dilutions (10 Ϫ5 to 10 Ϫ9 ) onto nonselective HIS plates (track dilution [30] ). To determine the number of Nal r bacteria ml Ϫ1 , a total of 500 l of the undiluted bacterial suspension was plated onto three selective HIS plates containing nalidixic acid (100 g ml Ϫ1 ). The number of bacterial colonies was counted after 72 h of incubation, and the spontaneous mutation frequency was defined as the ratio of CFU on the plates containing nalidixic acid versus those on the nonselective media. All tests were performed in triplicate. Student's t test was used for statistical analysis.
To assess the influence of preexisting mutations on the Nal r frequencies, Nal r frequencies were determined in triplicate for nalidixic acid-sensitive single colonies of C. jejuni strain NCTC 11168-O and the mutS knockout mutant. In comparison with frequencies obtained for the whole population, no significant differences in resistance frequencies were found (P Ͼ 0.1), excluding a bias in our experiments by preexisting nalidixic acid-resistant mutants. UV resistance assay. To subject the bacteria to UV stress, C. jejuni bacteria grown on a HIS plate (16 h) were suspended in HI broth to an optical density (at 600 nm) of 0.12. Two hundred microliters of this suspension in a 24-well cell culture plate was exposed to UV light of 312 nm created with an UV cross-linker (BioLink BLX-312; Vilber Lourma, France). All strains were irradiated with a dose of 0.12 J cm Ϫ2 . In a separate experiment, the recA mutants and their parental strains were irradiated with a dose of 1.0 J cm Ϫ2 . Of the UV-exposed and non-UV-exposed bacterial suspensions, 10-l portions of serial dilutions (10 0 to 10 Ϫ7 ) were spotted onto HIS plates. After 72 h of growth, the number of CFU ml Ϫ1 was determined, and the reduction in CFU ml Ϫ1 after UV exposure was expressed as log 10 values. All tests were performed in triplicate. Student's t test was used for statistical analysis.
Determination of the natural transformation frequency. For natural transformation of C. jejuni, the biphasic method was used (59) . C. jejuni bacteria grown on HIS plates (16 h) were suspended in HI broth to an optical density (at 600 nm) of 1.0. Two hundred microliters of this suspension was added to a 5-ml polystyrene tube containing 2 ml of HI agar. After 3 h of incubation at 37°C under microaerobic conditions, 2 g of chromosomal DNA was added. The chromosomal DNA used was isolated from C. jejuni strain 2535htrA::aphA-3 (Table 1) , containing a kanamycin resistance (Km r ) gene (aphA-3) in htrA (Cj1228c, serine protease), using the Puregene DNA isolation kit (Gentra Sys- Ϫ4 ) were plated onto selective saponin plates. The CFU ml Ϫ1 was quantified using track dilution (30), whereby 10-l portions of serial dilutions (10 Ϫ4 to 10 Ϫ8 ) were spotted onto nonselective saponin plates. The natural transformation frequency was determined as the ratio of the number of transformants ml Ϫ1 grown on the selective plates versus the number of CFU ml Ϫ1 grown on the nonselective plates. All tests were performed in triplicate.
Ung activity assay. For the determination of Ung activity, C. jejuni bacteria grown in 50 ml of HI broth (16 h, 37°C, 160 rpm, microaerobic conditions) were collected by centrifugation (2,328 ϫ g, 20 min, 4°C), rinsed once with 25 ml of extraction buffer (50 mM Tris-HCl, 300 mM NaCl, 5 mM dithiothreitol, 2 mM EDTA, 5% glycerol [pH 7.8]), resuspended in 300 l of extraction buffer, and sonicated (three cycles, with one cycle consisting of 30 seconds on and 30 seconds off at 200 W) using a Bioruptor UCD-200 (Diagenode SA, Liège, Belgium) to release the cell content. Cell debris was removed by centrifugation (10,000 ϫ g, 30 min, 4°C). The protein concentration of the supernatant was determined with Coomassie Plus protein assay reagent (Pierce, Rockford, IL) according to the manufacturer's protocol. The supernatant was assayed for Ung activity in 30 l of extraction buffer by mixing 10 g of protein of the supernatant with 130 ng of the uracil-containing plasmid pHipO::tet(ϩU) or the control (uracil-negative) plasmid pHipO::tet(ϪU) isolated from E. coli strain CJ236 or DH5␣, respectively. After 30 min of incubation at 37°C, 5 l of 6ϫ blue and orange loading dye (Promega Benelux BV, Leiden, The Netherlands) was added, and Ung activity was analyzed by assessing the degradation of DNA on 0.8% agarose gels.
RESULTS
Identification of putative excision and recombinational repair genes in C. jejuni. In silico analysis of the C. jejuni genome using the Blastp algorithm was applied to identify proteins potentially involved in excision repair (MMR, NER, and BER) and RecA-dependent recombinational DNA repair in C. jejuni. In E. coli, MutS, MutL, and MutH are essential for MMR (25, 37) . Inspection of the C. jejuni genome for these genes yielded a putative MutS orthologue (Cj1052c) but no potential mutL and mutH genes (Table 4) . On the basis of the results of structural and phylogenetic analyses, the prokaryotic MutS family can be divided into the MutS1 and MutS2 subfamilies (13, 31) . Amino acid alignments and phylogenetic analyses indicated that the MutS protein found in C. jejuni likely belongs to the family of MutS2 proteins (31) , which are generally not involved in MMR, in contrast to the MutS1 proteins (13) . Together with the apparent absence of MutL, which is essential in the MMR process of other species (14) , these results suggest that C. jejuni may not have a functional MMR system.
Inspection of the C. jejuni genome for orthologues of the E. coli UvrA, UvrB, and UvrC proteins involved in the NER pathway (55) identified Cj0342c, Cj0680c, and Cj1246c of C. jejuni NCTC 11168 as genes likely to encode C. jejuni UvrA, UvrB, and UvrC, respectively ( Table 4 ). The presence of these genes suggests that C. jejuni may have a functional NER system.
In E. coli, the BER system depends on several glycosylases (such as the uracil-DNA glycosylase Ung), an AP endonuclease (XthA; exonuclease III), and a deoxyribose phosphodiesterase (RecJ; single-stranded-DNA exonuclease) (49) . A search for Ung, XthA, and RecJ orthologues in C. jejuni indicated Cj0086c, Cj0255c, and Cj0028 as genes likely to encode C. jejuni Ung, XthA (ExoA), and RecJ, respectively ( Table 4) , suggesting that C. jejuni may have a functional BER system.
In the recombinational repair of E. coli, RecA plays a central role. This protein has previously been identified in C. jejuni strain 81-176 and was shown to be essential for DNA recombination (21) . An intact recA gene is also present in strain NCTC 11168 (Cj1673c) ( Table 4) .
Inactivation of putative DNA repair pathways in C. jejuni. To be able to assess the function of the various DNA repair systems in C. jejuni, genetically defined mutations were constructed in a set of genes essential for recognition of DNA damage for each system in E. coli. Gene inactivation was established by allelic replacement with a defective gene copy containing an inserted chloramphenicol resistance gene (cat). Genes selected for inactivation were uvrB (NER), ung (BER), and recA (recombinational repair). Although the in silico data suggested that the MMR system of C. jejuni NCTC 11168 was nonfunctional, we also constructed a mutS mutant for further analysis. The four genes were disrupted in the virulent version of the sequenced C. jejuni strain NCTC 11168, namely, strain NCTC 11168-O, and in two chicken isolates (strains 2412 and 2535; Table 1 ). For strain 2412, a recA::cat mutant could not be obtained, most likely due to inefficient transformation of this C. jejuni strain with (heterologous) E. coli DNA.
Repair of point mutations in C. jejuni. To investigate the function of the putative excision and recombinational DNA repair systems in the repair of point mutations, we determined the frequency of spontaneous nalidixic acid resistance in both the parental and mutant C. jejuni strains. The development of nalidixic acid resistance is based on point mutations within the C. jejuni gyrA gene (58) and can be used as an indication of the spontaneous mutation rate (44, 63) . For all three C. jejuni parental strains, equivalent spontaneous nalidixic acid resistance frequencies of ϳ10 Ϫ8 were obtained. Similar frequencies of nalidixic acid resistance were obtained for each of the knockout mutants (Fig. 1) . There was no clear evidence that disruption of a particular gene consistently caused an increase in the Nal r frequency in any of the three C. jejuni strains investigated (P Ͼ 0.1). These results suggest that none of the tested putative excision and recombinational DNA repair genes of C. jejuni affects repair of point mutations.
Repair of UV-damaged DNA in C. jejuni. To assess the roles of the putative C. jejuni excision and recombinational DNA repair genes in repair of structural DNA damage, all three C. jejuni parental strains and knockout mutants were exposed to UV irradiation. UV irradiation induces DNA damage by the formation of pyrimidine dimers and 6-4 photoproducts (19) , which inhibit replication and transcription (4) . The reduction in viability of C. jejuni after exposure to UV light was determined by enumeration of viable bacteria in UV-exposed and non-UV-exposed suspensions. For the uvrB knockout mutants, UV exposure (0.12 J cm Ϫ2 ) resulted in a 1,000-to 10,000-fold reduction in viability compared to the viability of their respective parental strains (Fig. 2A, B, and C) . UV exposure of the other knockout mutants (mutS, ung, and recA mutants) yielded bacterial viability levels similar to those of the parental strains ( Fig. 2A, B, and C) . As previous reports showed that recA mutants of E. coli, H. pylori, and C. jejuni are sensitive to UV exposure (21, 27, 48) , the recA mutants and their parental strains were also exposed to a higher dose of UV irradiation (1.0 J cm Ϫ2 ; Fig. 2D ). For the recA mutants, this resulted in a 10-fold reduction in viability compared to their corresponding parental strains. Higher UV doses did not further increase the differences in viability between recA mutants and parental strains; a dose of 5.0 J cm Ϫ2 resulted in complete loss of viability. These results indicate that in C. jejuni, UvrB and RecA, but not MutS or Ung, are involved in the repair of UV-induced DNA damage.
Functional characterization of Ung. In E. coli, Ung detects and removes uracil from DNA, leaving an apyrimidinic site and rendering the DNA sensitive to degradation (32, 43) . As a role for Ung in repair of point mutations or structurally damaged DNA could not be demonstrated with the assays employed, we tested the activity of Ung in removing uracil from DNA directly. In this study, an assay was developed in which cell-free lysates of C. jejuni were incubated with the uracil-containing plasmid pHipO::tet(ϩU), isolated from the dut ung E. coli mutant strain CJ236, and the uracil negative-control plasmid pHipO::tet(ϪU), isolated from E. coli DH5␣. Incubation of the plasmids with lysates derived from C. jejuni parental strains caused degradation of uracil-containing plasmid DNA [pHipO::tet(ϩU); Fig. 3, lanes 3, 9, and 15 ], but not of the control plasmid lacking uracil [pHipO::tet(ϪU); Fig. 3, lanes 2,  8, and 14] . In contrast, cell-free lysates from ung-deficient strains 11168ung::cat, 2412ung::cat, and 2535ung::cat failed to degrade the uracil-containing plasmid (Fig. 3, lanes 6, 12, and  18 ). These results strongly suggest that the C. jejuni Ung protein is active and is likely to be involved in the repair of uracil-containing DNA during base excision repair.
Homologous recombination in C. jejuni. Homologous recombination is involved in the repair of nicked DNA (40) and plays a role during natural transformation of chromosomal DNA (23) . Since the exchange of DNA strands occurs in both mechanisms, the role of the putative DNA repair genes in recombinational DNA repair of C. jejuni was investigated through determination of natural transformation frequencies for the parental strains and all knockout mutants. In this study, natural transformation experiments were performed using chromosomal DNA isolated from the kanamycin-resistant C. jejuni strain 2535htrA::aphA-3 as donor DNA. This DNA could be successfully transferred via natural transformation to strain 2535 and, at lower frequencies, to strains NCTC 11168-O and 2412 (Table 5) . As expected, inactivation of recA in strain NCTC 11168-O and strain 2535 abolished this process, con- The C. jejuni mutants with defects in mutS, uvrB, and ung showed natural transformation frequencies similar to those of their respective parental strains (Table 5) . These results demonstrate that in C. jejuni, RecA, but not MutS, UvrB, or Ung, is involved in homologous recombination.
DISCUSSION
DNA repair is important for bacterial survival and can influence the generation of genetic diversity in bacterial populations. In the present study, we investigated the presence and function of three DNA excision repair systems (MMR, NER, and BER) and RecA-dependent recombinational DNA repair in C. jejuni. Our results indicate that C. jejuni has at least three DNA repair mechanisms, namely, NER, BER, and RecAdependent recombinational repair. No evidence was obtained for the presence of a functional MMR system.
The basis of the identification of the DNA repair mechanisms in C. jejuni was in silico analysis of the complete translated genome of C. jejuni NCTC 11168 (22, 42) for orthologues of genes essential for excision and recombinational DNA repair in E. coli. This revealed genes potentially involved in three (NER, BER, and recombinational repair) out of the four DNA repair mechanisms investigated (Table 4) . For the remaining repair system (MMR), only one potential component (MutS) was found in C. jejuni. This protein shares characteristics with the MutS2 subfamily of MutS proteins (31), which thus far have not been implicated in MMR (13) . On the basis of the presence of mutS2 and the apparent absence of mutL and mutH homologues in the C. jejuni genome and the seemingly parental behavior of the C. jejuni mutS mutant strains in DNA repair, we conclude that C. jejuni most likely lacks a functional MMR system. The absence of this system may contribute to the genetic heterogeneity of the C. jejuni population, as this species contains a large number of genes with homopolymeric nucleotide repeats that are prone to slippage (2, 20, 54) . In other species, MMR repairs slipped strand mispairing (5, 53 ). An increased frequency of phase variation may enhance the adaptive abilities of the C. jejuni population.
A close homologue (59.7% similarity) of C. jejuni MutS is the MutS2 protein found in Helicobacter pylori. This protein inhibits homologous recombination and homeologous recombination (genetic exchanges between DNA partners) (31, 45) . H. pylori MutS2 mutant strains show an 3-to 13-fold increase in their transformation frequency when chromosomal DNA is used and an 16-to 520-fold increase when a plasmid or linear DNA is used (31, 45) . In the present study, natural transformation frequencies were determined by using chromosomal DNA as a donor. For the C. jejuni mutS mutant strains 11168mutS::cat and 2412mutS::cat, a threefold increase in nat- D) were examined. The reduction in viability of each strain was determined in triplicate and expressed as log 10 reduction in total CFU ml Ϫ1 . Values that were significantly different from the value for the parental strain are indicated by asterisks as follows: ‫,ء‬ P Ͻ 0.01; ‫,ءء‬ P Ͻ 0.1.
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ural transformation frequencies was seen compared to the frequencies of the parental strains, whereas a fourfold reduction was detected for strain 2535mutS::cat (Table 5) . Thus, whether the MutS protein found in C. jejuni has the same function as the MutS2 protein found in H. pylori is not evident. In H. pylori, MutS2 also influences the restoration of oxidative DNA damage induced by the inflammatory oxidative stress response during infection (57) . In similar assays, we observed no difference in H 2 O 2 or oxygen sensitivity between C. jejuni parental strains and mutS knockout mutants (data not shown). MutS2 proteins typically contain a conserved C-terminal sequence termed the small MutS-related (Smr) domain (36, 39) .
Biochemical characterization of the MutS2 protein found in
Thermus thermophilus indicates that this domain displays endonuclease activity (17) . C. jejuni MutS contains the characteristic Smr domain; however, cell-free lysates of C. jejuni did not degrade the pHipO::tet(ϪU) plasmid (Fig. 3) . Thus, at present, no function can be assigned to the MutS protein from C. jejuni. Inactivation of the putative C. jejuni uvrB gene caused a strong (1,000-to 10,000-fold) reduction in viability after UV exposure of all three C. jejuni strains tested ( Fig. 2A, B , and C). UV exposure of DNA generally results in the formation of pyrimidine dimers or 6-4 photoproducts (19) , which in E. coli are repaired by the NER system (55) . This mechanism requires the UvrA, UvrB, and UvrC proteins. The C. jejuni genome contains homologues of these proteins ( Table 4 ). The presence of these genes in conjunction with the drastic reduction in survival upon UV exposure of the UvrB knockout strains strongly suggests that the NER pathway is functional in C. jejuni. The C. jejuni uvrB mutant strains displayed unaltered spontaneous nalidixic acid resistance and natural transformation frequencies compared to the parental strains. This suggests that, similar to NER in E. coli, the C. jejuni NER pathway is involved in the repair of DNA upon conformational changes, but not in the repair of point mutations or in recombinatorial repair.
The BER pathway plays an important role in the repair of modified nucleotides in prokaryotes and eukaryotes (33) . The first step in this repair pathway is the recognition of altered bases by specific glycosylases. One of these enzymes is the uracil-DNA glycosylase Ung. This protein is involved in the recognition of G ⅐ U mismatches caused by deamination of cytosine and A ⅐ U mismatches resulting from the incorporation of dUTP instead of dTTP (32, 34) . Inspection of the C. jejuni genome revealed the presence of several potential components of the BER pathway, including Ung (Table 4) . Although a direct effect of disruption of Ung on DNA repair in C. jejuni was not evident, our assay with cell-free lysates demonstrated that C. jejuni Ung is enzymatically active and leads to (Fig. 3) . Ung removes only the uracil nucleobase and leaves the DNA backbone intact. The observed degradation of uracil-containing DNA is probably caused by BER proteins downstream of Ung, similar to that observed in in vitro assays of E. coli (11, 50) . This suggests that more components of the BER pathway may be functionally active in C. jejuni. The apparent absence of an effect of Ung inactivation in intact C. jejuni may indicate a relatively low level of spontaneous deamination of cytosine in the bacteria under the conditions employed. The unaltered nalidixic acid resistance frequencies of the ung mutants are an unexpected result, as ung mutants of E. coli display increased spontaneous mutation frequencies (12) . In H. pylori, inactivation of ung results in a small (fourfold) increase of the spontaneous mutation rate. In this species, other BER components are important, such as the adenine DNA glycosylase MutY (28), for which a homologue was found in C. jejuni NCTC 11168 (Cj1620c; 63.6% similarity). Thus, the contributions of the different components of the BER pathway to DNA repair may differ between species. The unaltered viability upon UV damage and unaffected natural transformation frequencies of C. jejuni ung mutants suggest that Ung from C. jejuni does not function in the repair of structural DNA damage or in recombinational repair as has been reported for H. pylori Ung.
Recombinational repair is involved in the repair of gaps in double-stranded DNA and in the repair of double-strand breaks (8) . RecA is an important protein for this type of repair and is regulated by a network of proteins in bacteria (9) . DNA replication of UV-exposed DNA leads to gaps in the DNA; the majority of the gaps are located opposite pyrimidine dimers (3). First, these gaps have to be filled by RecA-dependent sister strand exchange providing an intact complementary strand for the NER system (50). In our experiments, inactivation of recA resulted in a small reduction (10-fold) in viability after UV exposure (1.0 J cm Ϫ2 ) of the two C. jejuni strains analyzed (Fig. 2D ). This indicates that in C. jejuni RecA is involved in the repair of structurally damaged DNA, which is in agreement with the results obtained for recA mutants of E. coli, H. pylori, and C. jejuni (21, 27, 48) . In E. coli, RecA is also involved in inactivation of the LexA transcriptional repressor, which results in the SOS response that includes induction of DNA repair (6) . The apparent absence of a LexA homologue in the C. jejuni genome indicates that no classical SOS response exists in C. jejuni (15, 42) . Recently, Han et al. (24) showed that upon conditions that evoke an SOS response in other organisms, C. jejuni responds with an upregulation of mfd, which encodes a transcription repair coupling factor involved in DNA repair.
To investigate the role of C. jejuni RecA in repair of doublestrand breaks, we determined natural transformation frequencies for all parental strains and recA mutants (Table 5) . A phenotypic change from naturally transformable into nonnaturally transformable was seen for the recA mutants. These results are in agreement with the results obtained for recA mutants of E. coli, H. pylori, and C. jejuni (21, 27, 48) and demonstrate that RecA is important for the repair of doublestrand breaks in C. jejuni.
In conclusion, this study for the first time demonstrates the presence of several excision and recombinational DNA repair mechanisms in C. jejuni that may protect against DNA damage. These systems may limit the generation of genetic diversity; on the other hand, the constellation of repair systems may contribute to the heterogeneity of the species. The absence in C. jejuni of a RecA-induced SOS response that induces DNA repair systems, as well as the apparent absence of a functional MMR system, may enhance the genetic diversity and adaptive abilities of C. jejuni.
